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ABSTRACt

Ext.nsions of the laboratory's measuring techniquen

for complex dielectric constants to wider ranges of temperature

(40 to 2000 K) and frequency (.008 Hz to 90 GRz) are reviewed.

Methods of intcrpreting dielectric data and computer programs

for finding Lhe coh,"•oents of complex spectra are discussed.

Measurement data of ge.neral it ,-. : crumulated in the last

three years appear in graphical and/or tabular form.
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INTRODUCTION

A review of the general properties of high-temperature Insulators has been

previously given (Tech. Rep. 203). Since that time we have measured new samples of

BN, Sio2 , sapphire, and spinel (MgAl 2 04 ), all of which have good high-temperature

properties. These are listed in Sectior. III and are indexed according to the same

categories used in our previous review report 203. Sections I and II describe

respectively measuoement techniques air calculation procedures.

MEASURENENT TECHNIQUES

Since our last summary report on measurement methods (Tech. Rep. 182), the

frequency and temperature ranges have been extended and different techniques have

been used on special materials. These are briefly described in this section.

Figure 1 shows graphically the frequency and temperatures available for measure-

sent. The letter designations refer to equipment or methods as listed in the

following stmmary.

Sumaary of Methods of Measurement

A. Laboratory-built three-terminal low-frequency bridge used mainly on another

contract. For a description see Tech. Rep. 6 under Contract N00014-67A-0204-

0003.

B. Laboratory-built three-terminal high-frejuency bridge, see above.

C. Laboratory-built three-terminal bridge with autowatic frequency scanning and

recording. See Tech. Rep. 4 of above contract.

D. Laboratory-built wide-range bridge, three-terminal I to 10 5 Hz, tvo-terivnal

1 to 4x107 Hz. See Tech. Rep. 201 under Contracts AF 33(616)-8353 and Nonr-

1841(10)

E. Susceptance variation method with reentrant cavity: (a) 60 to 100 MHz, 2-inch

disks; (b) 300 M4iz, 1-inch disks.

F. Experimental Laboratory capacitance bridge, 50 MHz to 300 HQiz.

G. Stending-wave method with open-circuited line: (a) disk sample, 300 MV•z to

2000 C; (b) co&x sample. 100 to 300 P1z, R.T. only.

H. Reentrant cavity with twin coaxial sample. Used only for good seneitivity

(tan S 3 to 5x105 ) oa coaxial samples at 300 iix, R.T. only.

1. Standing-wave method with coaxial saimple X/4 away from short, near R.f. only.

J. Standing-wave method vith coaxial a.Ž ,le igairst short, -150 to +500 0 C.

K. Standing-wave method vith cylindrical sample, -150° to 1000°C at 9.52 GHz, to

800°'C at 14 anr1 24 GH:.

L. Coaxial cavitv, irequency var:ation a-thod, 1 to 3 GHz, -1950 to +140C0 C.

H. Dielectric-filled cylindrical cavity, -1950 to 15000 C, 3 to 6 GH&, -1950 to

17300 C, 9 Csz.

N. Transmission bridge, free-space method, QO QIz, under development.



The obvious gap in high-temperature measurements near 108 Hz could be re--

medied by construction of a doubly reentra&t cavity as proposed in a previous

report. A model (Fig. 2) useful to abou, 8000 C, using silver instead of platinum

and iridium foils, is under construction and will be studied for expected temper-

ature gradients.

AE __---------)BE b L (..) K

D, 3 T - Ea) Eb
D, 2-T -4j) #

a* 0 M
t-C -F '-4

*b)()

He

1800

1600

1400

1200

° 1000-

- 800-

CIL

E 600

400-

200

,).l t,).2 _-,Y i '0g. K)I 10I I04 p 05 10 0,' 09 10 101

P'requem~y k.Hz)

Fig. 1. Measurement mvethods and temperature ranges.
See summry ltit for letter designations.



0/-Water cooling coil

Heater

about 1/3 size for 100 4Wz.

The 90-CGHz measurements are still being developed.

For some of the data listed in Section III more than one rne~ivd of mt~asutre-

ment was used. An example is the ýiudý vi~lad 522, which was supp1e ' as doublv

copper-clad sheet or as unclau sheet. With the clad sheet two-termirni, and thri.-m-

terminal samples were 7ut (Fig&.. 3a,b,c).

Fig. 3. Type of sampler for ccpper-k-lAd dielectrics. 0" IAsk for twc--
rterrinal =easurements. "b) Large sqaefor po ~ tre

teru'nal measurements. (c) Rectangular threL'-t' r-in.ti i
for measuremen~ts in liquid-heiiiz !*ar

3



Fig. 4.

Microwave dielectric-filled cavity
~----.. .formed of doubly-clad sheet stock.

For microwavc measlirements, pieces of the same stock were soldered to close

thie periphery of a rectangular piece as shown in Fig. 4. The resultant dielectric-

filled cavity having " width of 4,449 cm and a length of 15.30 cm resonated in the

TE1 0 4 mode at 3.14 GHz. A thickness measurement of the plate is not involved in the

compuraticn of the dielectric constant

.2K' .2 r_•1)2 + (4.2 11r2
K =-- 71 - + C (1)

4 W

The equivalent loss tangent for copper loss was computed:

S(w + 2.-1 + )2 (X + 2t)
tan 5 4' - (2)1.310 4 o x + 413/2

W

where s is the reslstivlry of the copper relative to its room-temperature resistlv-
-4ity. Thm value of tan 6 was 2.48xl0 at 25'C and was small compared to dielectric

loss at all temperatures.

Measurements on deciad stock wc.e made by using the three-terrinal liquid
9 4displacement method" at 10 It and a rectangular cavity (as shown in Fig. 5) near

3 GHz.

Men-urements were mide with air-fillea cavity (1), sanple added (2), benzene

(3), samiple added (4). As in the three-terminal liquid displacement method, the

four sets of data a!)ow measrements of K' without neasurement of sample thickness:

2_ 3)2 1 2,

-- _- ' (3)
39 air

A

.Lquatio. _ ,ids for at. TE -.,it- hut iequires the same mode in all four measure-

stn n(. i" reo e of the sample is in regions of 'ow field strezigth, the

ivngth jnd width are not c4tical.

For nva-,urcments 40h HI field, a single thikness (1/16 inch) unclad sample

was locatd /4 froo t e," 4-nd e a coaxial line (Fig. 6a) 0- circular wav, -

FiI. 'b). Ie sources of errots and thcir magnitudes are listed. Stacking

sxam-les- imprvý-s tie sensiti vity for measuring small losses .7or accurate measure-



.-*- Stem, for coaxial
loOP3

Cov~erretnl
Fi .. 5.

-- Copper-Retnua body mcde
mcow mamfrom two milled- : --:•sect ions

diesin Fig 5_.--

. -i. . : I 1.346" 2.840rx 5.455" Rectangular cavity for

• - 22": !microwave measurement
: l 7: on sheet using liquid

displacement.

-- • ' •' "So-ldered seams

-1--

At 3 GHz. % error K At 8.5 GHz; TEll
Instrument repeatability 10 v .38 Instrument repeatability 5 Li .11
1 mil imcertainty in clearance .78 1 mil ur.certainty in clearance .06
1/2 Mil " In thickness .80 1/2 nil i in thickness .80

1.96 .97
tan 6 sensi.tivlty .00015 tan 6 sensitivity .00015

Fig. 6. Standing.-vave method with thin sample, located a quarter wavelength irom end
cf line; (a) Coaxial line; (b) circular hollow waveguide TEll mode.

menrA appropriate dcnsity corrections are used. Liquid immersion has been proposed
but not used here.

In measurements-on another glass-Teflon material (Duroid) data with both _L

and 11 fields were req•Ired as a function of temperature for 1-inch thick stock.

For t~hese measiremenra, a thick-wall (0.81-inch) circular cavity (Fig. 7) was made

of coppP-Y. Two disks of 1-3/8 inch diameter were press-fitted into the cavity.

An o-tsi2*d ropier plunge- was cooled in liqtrid nitrogen and then pressed into

the die. The 4ielectric-filled cavity thus formed was operated in the ThO1 0 mode

for R .4, mesurements and ir the TE ll mode for E H1. As the material was heated,



Coaoxil loops

-Co~pper plun~ger

"/--Copper die

"Fig. 7.
S: ; •'; -. • Sample

Thick-vall copper cavity for
"measurements or thick aniso-
tropic laminates.

- Sample push-out

thermal expansion moved the plunger. This motion was monitored and thermal expan-

sion of the copper was used in calculating the' cavity dimensions for each temper-

ature. The thermal expansion was large, and the sample remained 15% thicker after

the run. In our knowledge, the precision and temperature range of this run are

unique for this material.

COMP1.7ATIONS IN SPECTRUM ANALYSIS

The current trend for compute.:s to program and control measurement procedure,

to compute results and analyze them in terms of time or frequency has not yet led

to completely automated dielectric spectroscopy. For the present we use the IBM

360 to compute values of dielectric constant aid loss .rom instrument readings and

to analyze frequency resportse.

Computation of K_, K"

As an example of this first use we consider Lhe calculation of dielectric

constant and loss of a liquid :ontaine.' as shown in Ftg. 8 and measured by the

standing-wave method in coaxial line (?rogram 1, Appendix). The ample holder

is designed so that the region below the sxwple is k/4 long. Sample-out data are

AN, the r.ode, and AXA the node width and wavelength X. Sample-in data are SN, the

node. and AXS tht nude width. The basic transmission-line equations give boundary

Imp.A.ances (ZB1, ZB2,.-.) in terms of Intrinsic-line constants (ZOn yn) and line

6



d2__Hd-Hd3--- q-
J••-Incident_ Y, Y2 X X'4

4j wave zo, iz02 zo l Z3 Z04The j__ __ _ _ _ý _ _ý 84

HL

Fig. 8. Construction of sample Fig. 9. Terminology for sections in
holder section for high-loss liquid sample holder.
liquids.

length dn (Fig. 8). For Fig. 9 the general formulation for TE or TEM waves defines

T p ta ll z nv asured etc. (4)
tanh O81 = -n' tan +I) ZO (n+l)-

Then the impedance at a boundary ZBn is related to the impedance at the next bound-

ary ZB(n+l) :

ZBn ZB(n+l),- (5)tanh[(yd) (n+l) + p(n+l)] tanh P(n+l)

The experimentally mpasured quantity is tanh p BI:

E -j tan 2wX /N -• Zl z

tn_ BI " -J E tan 21rXo0/X 1 - JXY- 1 - ZIX =Z-3=Z4 6

where E, the inverse standing-wave ratio,

sin TrAX/X X, (7)

(1 - cos IAX/N)

and X is the distance from the first minnmum to B1. In the above and the fellowing0

equations the - sign ,eparates computer program terminology on the right from pre-

vious notation:

Z tanh (Y2 d2 + )
tanhp = (8)

7



tanh Z02 dtanh B1 " tanh Y2d 2

zO2  
(9)

tanh Y2 d 2 tanh p 11

Substituting y 1 /Y 2 for Z0 2 /ZO 1 ,

'Y17.0 tah PB1 - YStanh P2d 2

2 22n2 (10)
zo1 P2-1 _--2tanhy d2  ''lY1 Y2d2 tsh B1

Neglecting losses in Section 2, the right-hand side reduces to

tanh PB1 - J(1//-) tan(2wd 2 ,I))

1 - j tanh PBi" K'. tan(2rd2 K '/X)

Z4+J K1 Z6 1
1+ JK2.Z4 Z8"~ (12

With S2,ction 4 a quarter wavelength with negligible losses-

zB2 ' ZO3 coth y 3P3 - ZO2 tanh P.2 • (13)

Substituting Lhe right-hand side from Eq. 10,

tanh Y3 d3

ZO 1  ZO(4)

then

2ied 3  _Z

Y3 d3 tanh y 3d 3  yld3 Z9 P 21r Z9 - - Zil. (15)

Assuming thal y~d3 tb 0mall (<1 radian) and substituing u for y 3d 3 , we get

42 u
u tanh u - u 3 = Zll. (16)

Solving for u. in terms of Zll,

1 2 11/2u - [ZI! -- i (Z1 1 Z12SQ. (;')

The complex dielectric constant at this point in the program would be

- - (Zl2SQ'K3)2. (18)

8t



Instead, the complez parts of u (A,5) are

varied to steps until the equation

Z 14 . u tauh u - Zll (19)

is nearly satipfied. The final steps are

0.001Z in boti and B. Line 39 defines '

the erro-. Ftrst B(D) 600), then A(DO 700),

is varied. The final print-out lists ample

nodse and AX, the dielectric constant Xi, the

loss factor K2, the loss tangent TAN, and

the two complex numberu Z1l and Z14 so the'

degree of maiching can be confirmed. The

total cost of calculating 68 data sets at

$2.09 per minute of calculation was $1.47.

Although the approxinatinn of Sq. 16 is not

good for smples longer than one radiatn,

the iteration part of the progran extends

the range to at least 1.4 radians. For

values greater than w/2, an underflow

develops and stops the progran.

A modification cf the program

(Program II, Apendix) uses arrays of nodS a 9

shifts (IM) and DV values; thus charts such
as Fig. 10 can be prepared to any desired Fig. 10. chert or finding i' in

terms of node shift AN and node
accuracy to eliminate the need of further width M.

use of the computer for a particular ample

holh.er. In principle the iteration procedure of these prosrams can be used to

refine other calculations fcr any length of sample. Previously published computa-

tion rrocedures3) have been restricted in the upper limit of loss tangent.

Spectrum Analysis

In our frequency rangf the fundmental probl:a of dielectric analysis ia to

determine from the wide-band frequency response the number and type of subapectra.

One approach in analys's is to represent the total spectrum as tLe sum of subspec-

cra, each havi.-4 a single re!axation time. Mathematically the compos.:te spectrum

is rep-.esented as the sun of its components:

K'(W) - K.o + 1 . " + I+w x (20)

W "l n

and

K (W() " ++ W + (21)
222 2 n (1

9



where K. is the high-frequency (near infrared) dielectric constant,o is the U-c

conductivity (ohm-cm)" , n is the number of relAxatore, % is the dielectric con-

stant of vacuum (fda/cm).

The purpose of Program III (Appendix), conceived and first executed by

Dr. D. B. Knoll*) of this laboratory, is tn find the number of components and com-

pare the composite spectrum with the measured values. The initial portion of the

program (to line 29) accepts a number (H) of capacitance and loss readings from a

capac:itance bridge and a second number (L) of readings from a low-frequency bridge.

The parameters K'(KIl), O'(K2), 00"(K2W), K"/IW(K2dW) are computed for each measure-

ment frequency.

The arrays of data are scanned (lines 31-83) to determine if measurement

errors exist. Three criteria are involved in starting from the high frequency end

for any combination of relaxators as in Eqs. 20 and 21:

S£, K:'I) ,,1"(I 1),(22)

2. K'(I) K PC'(I+l), (23)

3. •"I- "(+l) " r > 0. (24)

Print-out statements 42, 48, 56, 61, 71, 82 advise users of errors or equalities.

K2WY

00

WK2 M+1

Fig. 11.

Terminology for initial
line fit to three experi-
mental points.

K1 (1 K')

The Subroutine LINE fits a rne to three successive experimental points

according to Fig. 11.

*) Present address: Texas Inatruments Corporation, .4aterials Research Group,

Dallas, Texas.

10



A

Fig. 12. Terminology for fit between line and experi-
mental points.

Subroutine BROS is concerned with fit of the line to the points. The dis-

AC

ta-nee D(I) from P point (1) to line is shown in Fig. 12. In the figure =T tan e;

2 1/2

C A cos e A/( + tanpe)

D(I) C -C'(I) + T•K"tI) - rIc"WO) (25)
(1 + T2 )1/2

SE - [D(I)]2 /(IAYI)112, (26)

12

_LI)]2 M(l + 1)]2 (27),• -[(IAY1 1l)/2 + .l 1)/

More points are added to the array until ERRER increases. Subsequently both the

slope (line 107) and high-frequency termination (line 116) are varied in steps to

improve the fit. The final slope (line 141) determines T1. The first calculation

of K follows using the high-frequency values of K'. From (20),

AK

1'(I) - Kx + , (28)
1 + [W(I)T1

K'(1+1) - ,co+ 1 (29)
1 + [ W(I+I) T I I2

Elimin.ciLt AK1 between Eq. 28 and 29 and solving for K., (line 155) yields

K:'(I){1 + [(w(I)r 1 ] 2 } - ic'(I+I){1 + [w(I+1)rl 1]
2

Km -[w(I()r1
2 

- [•(I+l)T 2 (30

11



Solving for K1 yields (line 147):

AKt - K'(I+I) - c' (I) .(31)
AX1 1

1 + [•(I+l)T 1 1 1 + [W(I)T1]2

The high-frequency residue is regarded as the luw-frequency contribution of a

relaxator far outside the measuring range. The change in K' with frequency in the

measurement range is negligible, but the change in loss is obtained from the meas-

ured increment in K" for two frequencies minus the same increment due to the first

spectrum component. Neither the time constant nor AK value of the off-range spec-

trum is known but their product is (line 162):

(WK")l - (ci")I+1-AK 1  (32)

h h+ 
( W I ) 2 1 + (2 + I T )

1 1+1

This high-frequency residue (BC) has a lov-frequency counterpart (LC) at the other

end of the measurement range. Here aga~n neither the AK nor T of an out-of-range

spectrum can be found but their ratio AKI/TN appears with the same effect as a d-c

conductance component. From two successive values of K"/w this component can be

computed (line 173):

S'-I- ("-)I~ - AKl'r 1  1 (I12 (1 +i)
1

AAK
AK WIWi~ (W T ) 2 1 + (

I (33)
Ti 1 1

2 2I I+1
1

If no data have been taken at frequencies < 2 ,T , the analysis is complete in that
the number and magnitude of the relevant components have been determined. If lower

frequency measurements exist, the contribution of HC and relaxator 1 are subtracted

from each data point. These are nuw treated as new experimental points and the

line fitting procedur. is c.,'led again (205). n . K1 , t1  C, IC ar.
The approximate values of all unknowns LC. AKn, ... A

refined in steps in subroutine EMROR to achieve the best overall fit to the experi-

mental points. Since the capacitance errors are usually lesý. than conductance

errors in our mcasurements, differences in the K' fit are multiplied by 2, then

added to differences in the K" fit to establish the total error criteria (lines 16

to 18).

12



Obviously many modifications and uses of the program Pre possible. They are

used to atudy the effect on measurement errors, to help decide the possibili-ties

of hidden spectra and distributed time constants. There is a basic resolution

problem in fitting a smooth curve to a series of experimental points with scatter

that does not occur with "ideal" data. This makes the results of any curve-fitting

program, such as ERROR, have some degree of dependence on the magnitude of the

starting components. The difficulties arise because the function relating the

total error to the magnitude of one-component is not a smooth function. In the

future more automatic measurements will be made with decreased frequency separation.

Then it may be feasible to smooth experimental errors before analysis.
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0f)71 Z14 IP -14J00
0 1)77 A=A)LO)

0')74 700 CANTI NVE
on7 is;410 rCJNT INIJE
0076,ZFI1,.*

n079 ZI2NFW2( 71 ?QE+l?1P4f**?
0117 0 * '13-- 712 NF *K A* ?

o000 714Q=(1.,").I.Z14Rr
00"91 Z141=If~l.1.*?141'4
00g' Z1'=Z14R*?I4I

0"9R4 RE.r4f!3
CIO"TAM=41A'/R0

0)9A 1,31 F: )MA T f? oF A.4 ,5 XF 7.4 , SX rQ0. 1 X F9. 1,'w F 9.4 ,9X. 1 6.,3 X F13.6,

0087 WRITE(6jO00 SN(1),n0-fII.RE4IMqTA'4,l1I,7I4
0098p 1n CONT I NtOF

0099WRITE (6 , OIT I
009C GO TO 77

0091 98 CALL EXIT

TYPICAL PRINT-OUTr

Ns 0' K1K T AN

0. 5;lA 1 3.1 4~'q 75. OA4 11. Q54 0. 1 85
Q420 0.1471 74.789, 19.207 n.2568

4.SIQ1 0.2770 75.403 24.014 0.3307
Q.4 0 0 6R,6H. AT ) 2 8. 03 ~ 0.4071

lit Z14

-0.9761040-01 O.1R76t11')-Ot -0. Q761 070-01 0. 1876 110-01
-0.97104,4n-i1 1.7581460l-11 -0.971058D--01 0.259R1450-01
-0. 9779A91l-1 I 1. 3 3534 V)-0 1 -0.q7 78 ,i2 D-0 1 .015 3 4 2-0 1
-0.48q470"-11 0.'74RA;8f-0l -0.89Aq4?9-.)l 0.374s5m-fl-

PROGRAM 11

ORTRAN IV G LEVEL 1t MOD 3 MA IN DATE - 70103 20/37/02

cool REAL*$ KLK2,K3.YXELWtCX.ODN.0.XAS,AZB2,ll4REZ141M4,CoS!NE,
28010, Zl4l00,Zl4ROD.ERRORI.ERCLOACLO.A!MRE,,TAPtZ1IRE,Z1IIIM

0002 CCMPLEX*16 ZllZ2913vZ4t15916#17vZ e9sZ SvZ 109Z Z12,Z13v114QqZ'14I,
2114.11?NEWLl2REt~l1Z MZI2SQ, 12A

0003 C0MPLEX*lb ZONEsZONEI
0004 REAL STEP443l001,OlOe1.0g.O001,C.OCO-^1i,/Ff2,/1.,-1./
0005 DIMENSION DATE(18J,0N(91
C006 N4AMEL IST/IN/ON,XEL~vNDI4X ,KlK2,K3/OLIT/KI,K2,K3,LWXtYZ 1,12.13,

214,15,16,17.18,19.110,111
0007 lCtKE*f1.90.1
00Ce ZONEI-(0.,1.l
0009 200 FORMATIIXv18A4I
0010 77 READ(5,200,ENDm881 DATE
0011 201 FCPMATIIII1,Z0X,16A41
0012 WRITE(6,2011 DATE
0013 READMF5INI
0014 100 FORMAT(lNO,5X,2HDXtlOXZHON,11X,2MKip,11X, 2HK2,12X,3mTAK,20X,3H.1 ,

Z31Xo 3KI14//1
0015 WRITE16,1001
0016 DX-0.
0017 D-0.01
0018 DO 500 Lm1,NX
0019 OX-OX*D
00,10 IF(OX.EQ.0.1 GO TO 500
0021 COSINE-xDCOSI3.14l6*0X/Lw1A*2
0022 X-DSIP.13.1416*DX/LWI/DSCRT(2.-COSINEI
C023 800 FORMAT1ZEF7.4)
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PROGRAK 11 (CONT.)

0024- WRITEi698001 OX
OC25 oc 10 IS1,NO
0026 IF(DN(I).EQ.O.) GO TO 10
00;!7 Yw6.283?*(XE-DN't)1/Lw
('02 " 11= ZCPKEI 4 0TAN('rI
C014 12mX-ZI
(1030 12AnZl*X
Coll 13=10NE-ZZA
C012 14*12/13
(033 IZ0=ZNFIOKI
OGI. Z6814*4l
CC35 17zZCNEI*K2
0016 18=LONE*14*17
03037 19*S/Z16
0038 1lIOZCNEI/K3
0039 lIluZlO*19
0040 ZIIRE&REAtIZ1Il
C041 L11IMeAI4AGIZl1
0042 1!2SQUCOSQRT(Zllt1./3.)$Zll**2)
C043 A=REAL(Zt2SQI
C044 fisAIMAGI1IZS0I
004.5 A2-DTANH(AI~fl.,DTANI4IB)*2I/(1.,DTANtIAI**2*OTAN4BI**2I
0046 P12-OTAN)18*(I.-OTANH(A)**2)/t1.+CThNI,(A)a*2*DTANBIB)02I
0047 1 14R E=A*A?-6*B2
0048 Z141PuA*S2*9*A2
0045p ERROR~uOABS( IZI4RE-ZIlRE )/Z11RE3,OABSf(Zl4IM-Z1IN1MIZ11!NI
coso 00 400 K- 1#4
0051 00 600 J-192
0052 401 SOLO-U
0053 Z141O0zZ-114P
0054 Z14ROCwZ14RE
0055 EPOL DERROR I
C056 B'mS*(1..STEP(K#*FIJII
0057 A2sDTMP4H(AJ*~i.4OTAN(S!**2I/(1.+0TANIIIA3*2*OTANfBI**2I
0058 82-DTAN(B!*( 1.-DTANN(AJ**2)/( I.+DTANH(A)**2*OTDN(RI**21
C059 114REaA*A2-BvB2
C060 l14IIP-A*82+8*AZ
C061 ERRCPI.OAe!SIuZI4RE-ZIlRE)/ZIIRE IDASS((2141M-ZIIIM)/Z~lIM)
0062 IF(EARORI.LE.ER0LDJ GO TO 401
cct3 Z141PRZ14100
C064 Z II&RE -Z 14ROL
CC65 50801.0
C066 FiRRORI-ERCLO
C067 600 CONTINUE
C1368 00 700 .J=102
CCfiq 402 ACL0wA
COTO Z14R00-ZI4RE
C071 Z14 I 00Z 14104
CC: 2 ERCLU=ERRCRt

CC7 AxA*1l..SiEP(K1*F1J))
0074 A~uDTARItHA)*(1.,0T*NI8I**2)/I1.*OTANH(Aj*S2*OTANE9I1**2)
0075 2DrN8*I-TN(1"14.DA0()**TN6*2
^07b 114RE*A*A2-8*52
COTT Z1141MzA*82+5*A2

Cý178 ~~ERROPI 0A1S ( (ZL4RE-ZIIR E I/ZlIRE I *ABSI(Z 14 FM-Z IIt 1IZZ110R)
COTS IF(ERRORL.LE*ERCLD) GO TO 402
(1080 14RE-Zt4ROD

coal L14!1P-Z4100
CC82 A=AOLD
C083 EAPOR1mERCLD
00 84 700 CONTINUE
C0045 40') CCtTINUE
OC96 112REeZON4E*A
3087 Z 12 1MsZONE 1*13
00P8 Z12NE~im(lZ2RE+ZI2 IP)**2
CC89 l13s-t12NEWOK3**2
0090 Z 14R ZONE *l1I4RE
0091 Z 4 1 aZCNE I vZ 1410
C092 L 14*Z 14&,L141

216



PROGRAM II (CONT.)

0093 AIM-4-AIaAGI 113)
C094 RE.,'E*LtL13)
C095 I A14A I */r'E
C096 100 FOCRNAT( 14XAFR.4,5SX,F.3,5XFg.3,S,,F8. 4,5X,EI3.e.3xtfI,..6E

2SXkI:3.6,3XtE|3.6 1
0097 hpI rE(6,3OO! DN(IItI.REAIPTAmv1lIt1I4
C098 10 CONTINUE
c0'99 50 CONTINUE
C100 WRIlE(6,CUT)
0101 GO TO 77
0102 88 CALL EXIT
0113 END

PRINT-OUT

OX ON KI K 2 TAN

0.0100
1.0000 14.384 0.128 0.0089
1. OSO0 15.728 0.142 0.0090
1.1000 17.231 0o159 0.0092
1.1530 18.973 c.180 0.0095
1.2000 20.845 0.206 0.0099
1.2500 23.054 0.737 0.0 It 3
1.3000 25.621 ).278 0.0108
1. 3500 28.643 -. 1329 0.C115
1.4000 32.140 O.398 0.0124

C.0200
1.0000 14.382 0.255 0.0177
1.0500 15.726 0.284 0.0180
1.1000 17.228 0.318 0.018!
1.1500 18.919 0.360 0.0190
1.2CCC 20.841 0.411 0.0197
1.2500 23.048 0.475 O.C2C6
1 30"0 25.613 0.555 0.0217
1.350C 28.634 0.658 C.0230
1.4000 32.099 0.797 0.0?48

711 Z14

-0.486634n O0 0.5055130-02 -0.4866330 00 0.5055140-02
-0.5408380 00 0.5815210-02 -0.54eR27' 00 0.5815210-02
-0.6035880 OC 0.6774950-02 -0.6035920 00 0.6774970-02
-0.6772350 00 0.8010640-07 -0.6777360 00 0.8010650-07
-0.7650760 00 0,9638830-02 -0.7650760 O0 0.9638820-02
-0.8718860 O0 0.1184480-01 -0.8718870 0O 0.1184490-01
-0.1004840 01 0.1493790-01 -0.1004860 01 0.1493780-01
-0.1175280 C1 0.1q46550-01 -A.117530D 01 0.1946550-01
-0.1402140 01 0.2647350-01 -0.1394390 01 0.2647360-01

-0.4865320 00 0.1010870-01 -0.4865240 On 0.1010170-01
-0.5407110 00 0.1162830-01 -0.5407090 00 0.1162830-01
-C.6C34260 00 0.1354700-01 -0.6034190 01 0.135470D-01
-C.6770230 0( 0.1601720-01 -0.67T033D C0 0.1601723-01
-0.7647940 O0 0.1q2718D-01 -'.7647780 O0 0*,192717D-01
-0. 8714.e0 CO 0.236880-01 -0.8714820 00 0.2368080-01
-0.1004290 01 0.2986150-01 -0.1n04270 %1 0.7986150- 1
-0.1174450 ml 0.3890660-01 -0.I174450 01 0.389V650-01
-C.14CC810 Cl 0.52901R0-n1 -0.1391)90 01 0.529020r-01
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PR=Rm~ T.1

ýQPT:-4-AJ IV LFV'EL 1, ýWf) 3 4-A I N DATE - 70098 13/12/07

2'( 50) ,; II50 I.Klt 501,2(SI 5)Wt5O) .K2W(30) ,K20WE50) .8450i ,Px(50)
030 INTEGEFA ".Z*Z123

300 M4 tAL STEP(41/0*1.0.02,0.00500.001I
Ono-, PEAL SnEP(Ai/0i.oi,-O.01,0.004,-0.004,0.0015,-0.0015,0.0006,

j YIC llAtI5v201#ENv350)DATF
ocill200 F3R4ATqIX,IRA4)

0013 tORITEf6,2O1)DATE

0012 IFIHt.EQoO) GO TO 41
0 013 DO 40 111,H

0015 40 CJNTINUE
0016l IFIL.EQ.C) GC TO 3R
J1317 (103 50 1-1,L

0019 G3StH4I)afGIHef)*AOINII)4F(I)/1.Ol1*il.O*.1.F4*A*GINIII*INEU+F(II)/
21.011)))/( 1.O.1.E4*A*GII4.I) SNI ) +FII3 i. 01) -100.O#A*G(~4,1) *(1 NI
2F(1I 1/L.C1)'21

0020 so CONTINUE
0021 38 INmH4L
0022 00 222 Is1.Ph
0023 KlEXii)2C(innC
0024 K2EX4I)*GS(I)/I6.2R32eFRII)C0*1.E--121

0026 KZ([)-K2EXfII
0027 Wft)mFPII)*6.2S32
3028 KWfIhK2fI)*WII)
C0O14 K2OWfII)K2(I)/W(I)
0030O 222 CONTINUE
3031 71232*1
003? L Is 4N
0033 413 A~3
0034 "EXIT=0
0035 '4111-LI-I
0036 03J 224 I-ZI23#Mlll
0037 U*750a1
00319 IF(K2WlI).EO.K2WI 1.11) GO TO 25
OC39 Gil TL 35

0041 20 F0R41ATt1XO#F0LJnf K2wl[+t)=K2wfI) FIX UP TAKEN K2W(1+1)=1.l*K2W(I)

2')
0042 WRITEI6@2C'

3044 IFIO.LT.TAU) GO TI) 725
0045 Z24 CONTINOE
3046 GO TO -3A
31047 225 41=M?50

004.9 1122?sLI-ml
10050) ), 260 I=1,m222

M951 J1=11I-
009, if(K2IIIJ).EQ.KZWIJ.1ll GO TO 26

oc5l G') TO 3b6
0054 2.ý K2W(J+1)=1.I*lK2W(J))
0 oci 21 r~t.RMiAT41x.'FntJNf) K2Wfj.1)=KZ2d(Jl FIX Upo TAKEN I(2WfJ~i)wlI.*K2WlJ)

?' II
5 WRITE16921)

33'A ý TAUsIKIIJ1I)-KLIJfl/IK2WIJ)-K2W(J+Ij)
)05K IF(0.0j.LT.TAU) GO TO 265

0U ~ 260 CINTINUE
0C2i ?65 L1E=Jid
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0062 LiaLiE
0063 L10-L LE- I
0064 00 650 I=M1.L10
0065 CFcECKuKlf1t.)-Kj(II
0066 If(O.O.LT.CHECIKI GO TO 650
00167 [F(K2wfI).EO.K2W(IJ.I) GO TO 2?
C06%3 GO TO 37
0069 27 K2W(e1#1;.1*fK2W~f11
0070 22 F0O'4ATfIX90FOUNi) K2:4(M*l~uK2W(M) FIX UiP IAKEN K2W(Me1Iýl.1*K2WIN;p

2')
0071 WR11J(6,?21
0-072 37 TAU-(Kl([I.)-KlIIIIIIK2WC!)-K2W(I,1))
0073 IF(O.O.LT.TAU) GC 10 650
0074 LIC-141
0075 00 651 J=LIC.LIE
0076 CtHEC1((Kl(JI-KlIIII/Kj11I
0077 IF(CHECK.LT*1-O.011l GO TO 652
0378 C~il CONTINUE
007n fSO CONTINUE
0080 GO TO 251
0081 652 L1=L1C-1
0082 WRITE(6.L9)
00113 251 0477T-&11
0084 1C2W00.0
0045 177 CALL LINE (P7?TqK1S2WqTAUvKZWOvLv1.MNJ
0086 IFIZ.EQ.31 GO TO 304

00;07 IF(TPREVS.LT.TAUtG;O TO 304
0088 7q8 14777mM777.1
0089 'q?77P-M?777.2
0090 IFfHT77PoGE*.l1I GO TO 848
0091 WRITE16*TAI
0092 GO TO 777
0093 3C4 IF(TAUsLE.0.01 Ga TU 788
0094 4777PsM?777eZ
0095 IF(LI.LE*P7T7P) GO TO 290
0096 991 N777zM777+2
0097 ERRERNO.0
0098 CALL EROS ("777,ý'777.TAUR2W0.K1.K2WEIRPERI
0099 229 1FlN4777.EQ.Ll1 G( TO 290
0100 227 ERRERI-ERRER
0101 N777'4?777*1
0102 ERNERvO.0
0103 CALL ERCS (N7??,N?777,TAUK2W0,Kli(2WERRERI
0104 IF(ERRERt.LE.ERRERI) GO TO 229
0105 TAU0OwDTAU
0.06 K2WOLOwK2W0
J10? 00 400 Jw1,P
0108 228 ERRERT-EPQER
0109 TAIITmTAU
0110 TAUnTAUT*(1..STEPP1J1I
0111 ERRER=0.0
0112 CALL EROS (N777,P477?,TAU.R2W0.K1,K2WFRREUI
0113 IFIEKREKt.LE.ERAERI) GO TO 229
0114 IF(ERRER*LT.ERRERT1 GO TO 228
Otis TAUJ-TAUT
0116 ERRER-ERREI4T
011.7 301 ERREkN-ERRER
0118 K2WONmK2W0
0119 K2WOmKZWON-K2WIP777)*STEPPIJ)W0.1
0120 FRRER-0.0
0121 CALL ERCS IN777.N7T77TAUK2W3.KlK2WERRSR)
0122 IF(ERRER*LE.ERAERI) GO TO 229
0123 IF(ERRER.LT.ERRERN) GO Tn 301
0124 K2WO=K2WON
0125 ERRERsERREAN
0 126 400 CONTINUE
0127 IAU*TAIJLO
0128 tFiZoEQ*31 GO TO 401
0129 IF(TPREVSoLT.TAU) GO TV 401
0130 402 0M777-P4777
0131 GO TO 777
0132 401 KZWO-K2WOL0
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0133 IF(LI.LE*N777) GO TO 291
0134 OuM7
0135 77N7
0136 CALL LliNE (P77??KtoM2W,TAU9K2WaLl9MegP
013? lF(TAU.LT.TMJOLO) GO TO 303
0138 GU TO 678
0139 303 IF(3.LT.Zl GO TO 304
0140 001*7??
0141 WRITE(6.9t93
014*2 GO TO 304
0143 c78 M4777&1NOLD
0144 TAI'T AUOLO
0145 2q1 E(Z.13MTAU
0146 TPREVSTAU
0147 IKKO.0
0140 N776="777-1
0149 DO 960 IaM?7?79N??6

2)10AU 10*2) 1
0152 Cleo CON6TINUE
01S3 EZ.K467-77
0154 IF(X(ZI.LT.0.0) GO TO 402
0155 1F13.LT*Zl CU TO 921
0156 XXKINF=0.0
015? 00 910 I-477791076

otsp XKIP#F-(K1I8'7773*g1..(WV(M7771*TrAU3**2I-it1i I.131 11.4.W(t1 11*TAUI

0159 XXKINFuXXKIftF.NKINP
0160 910 CONTINUE
0161 XfI 3XX'I4F/l%?77-M?777
0162 XXHC-0.0
0163 HSTORD-0.0
0164 00 920 1*-4777,96776
0165 XEHCXHC-(IK2WI4q?773-K2%eII+l3)-B(IISTAU.4W1967771.*Z/I 1.,(W1977710

2TU02-f~l0/t~WIt*AI*11(IT7*2Wf102
0166 [Ft XH4CXHCLT.0.0I GO TO 483
0167 IFIHSTOfiO.EQ.0.01 GO TO 482
0168 IF(HSTORU*LT*XI4CXI4C GO TO 483
0169 482 "SIORO-XICXI'
0170 4e3 E9CXXHC=XX1IXCX0HC
0171 920 CONETINUIE
0172 EIZIUEEI4/(96777-M7711
0173 921 XXLCO.0*
0174 XSTt)Rf)*O.0
0175 -03ý 92? JM4777,96776
0176 XLCXLC.IK20WIIq7773-gC2OWI1.1I-83(t*TAtU*(I.(I1.,Iw(M?777I.TMJI*.2

0177 IF(XLCXLC*LT*0*01 GO TO 461
0178 IFIXSTORD.*EQ*0.0I G3 TO 480
0179 IFIXSTOP~oLT*XLCXLCI GO TO 481
0180 480 XSTOK0WXLCXLC
0161 4'31 XXLC-EXLC*XLCXLC
01832 9?2 CJPETINIJE
0183 X4Z.2 I-XXLC/(N7?77-047?7?
0144 IF(4EXITFe@.I) GO TO 999
01.85 00 320 !="??7*LI
0186 SKlSK1-X(Zl/9,'IW(!5*TAU)*02)
0187 tF1 3.LT*Zl GO TO 307
0188 SKISK1-SKISKI.XtZI
0189 107 XIfI)-KLITI-SK1SK1
0190 SK2WuX113*WflI$*2*TAU/I1..IWgIS*TAUI*.22
0191 K2Wfl K2W( Ii-SKZW
0197 SK2DW-XIZ)*TAd/I 1..IWIII*TAUI**21.Xt 25
0193 !22 KZOW(IJmE2OWI1)-SK2OW
0194 ?20 C14T I NUE
0195 GU TO 370
0196 290 '4EXIT-1
019? N777wLl
01914 GU 70 291
0199 370 DO 710 1IzM777,LI
0200 85-
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PRODGRAN T.11 (CONT.)

0201 6BaIsu1.0/wfIIl
020? IFIXlZ.Ih.LE.SSR8) GO TO 711
0203 710 CONTINUE
0204 711 F4777014751
0205 IFfI1LT.(N777*1II GO TO 999
0206 WRITE(60047)
0207 2.2.?
0208 GO TO 777
0209 999 NXUZ*2
0210 IFI0.0.LT*X(NXf) GO TO 731
0211 XINXI.XSTORD
0212 731 [Ff0.0.LToXI211 GO TO 666
0213 Xf 2lmHSTOI4O
0214 666 NvuNX-2
0215 00 551 J*39NP,2
0216 XRFt-X(J)
0217 KIJ)'XIJ.1J
0218 EIJ.I)-XRE
0219 551 CONTINUE
0220 00 441 IzlNX
0221 PXIII.X(II
0222 441 CONTINUE
0223 EI1J'npx(NX)
6224 NXC=NX-1
0225 00 331 Jzt*NXC
0?26 XIJ.1IuPx(XI-J)
0227 331 CONTINUE
0228 00 333 Iml#NX
0229 XI(I!IUXJ
0230 333 CONTINUE
0231 NMM~2
0232 CALL FRROR(INX,NI .KlSsXi,MoFR.KIEXK12EXJkiMK1EWOPK2FXPL1SUMKI,

2SUMKZ I
0233 SUPOLO=SUP
0234 SUMISO.
0235 00 500 J=194
0236 ICI 00 700 Lau1,MMW
0231 SUM2mSUM1
0236 DO 600 IuI#NX
0239 XOLD=XlII
0240 XfI)sX(IJet1.+STEPfJ))
024L CALL ERRORINXM1 ,KIS.XK2S ,FRKLEXK2EX, SUM,K 1EXP.K2EXPL1,SUflK1,

2SUMK2)
0242 IF(SU[4.LT.SUMOLDI GO TO 601
0241 XIII-NOLC
0244 XfI)wXI!I*fl.-STEPfJI)
0245 CALL ERMOR(NXMI ,KlSXK2SFk.KlitX.P2EXtJNiKlEXP,KZEXPLlSUMKI,

2SUMKZ I
0246 IF(SUM.LT.SUMOLDI GO TO 601
0247 XfII.XULD
0248 SUMI.SUMOLO
0249 GO TO 600
0250 6n1 SU14I-Skim

7001 SUMOLDOSUM Or90

0252 600 CONTINUE

0255 GO TO 555

0256 SC0 qM9IN
0257 GO TO 701
0256 !55 RMN-1
0259 SUNI- SUM?
0260 500 CONTINUE
0261 507 FORMAT( 1N0# I3X9SHXINI T'ýALq5Xv9IXCOMPtfTED// 1
0262 WRITEI695O7)

0263 115 FLJKMATI IXZNLC.SX.EI'.5,3XE12.51

0264 WRITEI6.1151 XIIlhvX(II
0265 N-i-
0266 00 112 Iu?#NT,2
0287 11!l FOR'IAT(1 X,?NKS-KIN4F,3XEIZ.5,3X. E12.SI
0ZE'S WMITE(6,1131 XIfIlvXIII

0269 114 FORMAT 1 X 34T At$* 7 X F I .S#3 X C17 5 1
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1P:RANR III (001T.)

0211 A11 CrINT INUE
0272 ill FOR~4AT (IX.2IIHC.'EoFl2.5,3XtFI2.5I
0271 wRtITU(6,11I X1(KK-1I,XIt4X-11
0274 508 FJRF4AT(1X,4.4gKINF,6X.E12.5,3XEj2.5I
02?7 WkITEI6.5041 XI(NXIXINX)
0276 S19 Fa1R4AT(/.' 1e405X,2HFR i2X,4t4KlEX.13X,3HI(S,12X,4HK2EX,13X.1HK2S,

2LIX,6HKIEX I,11E,#6HKZFX U/1i
0777 w I TE Ib,SC91
0270 510 FUJR1IAT(I XE12.5.3IC.E1Z.5,3XEl2.5,3XEl2.5 3XEI2.5,3XF12.5,3X,

2FI2.5I
029WRITE46,5101 (FRI IIKEXII ),KISI I 3K2EXI II*KZSP IltKLEXPI[II

0700 001 FORMATI73XtrHSUR oFlU.5*5EE11.5)
0701 WRIrEqb.801) SUMKI@SUMqK2
078?7 IF(L!E.EQ.LlI GO TO 10
0233 1123=L1ll
0284 L1LlIE
02a5 GO TO 413
0286 800 GJ TC 10
02s1 350 CALL EXIT
0298 END

TOTAL NEPCI4Y PEOIIIREML:NTS OO2F7A BYTES

FORTRAN IV C LEVEL It MOD 3 ERROR DATE =70098 13/12/07

0001 SUKRUUT INF ERROR iNX ,141 KlSXK2SFRKLEXKZEXSUI4,KIEXPK2EXP,
2LI.SUMK1,ISUf0K2I

1002 114PLICIT REAL IKI
0003 DIMENSION K1SSEOhEI(5OI .K2S(501,FR(50I.KlEX(503,KZEX(50I,

2'(IEXP I 5C3,K2EXPI 503
0004 NJaiX-3
0000) SUMUO.

0007 SUMKlzO.
0009 SUMK2uC.
000'Q 00J 130 1P41.L1

0011 K2S~lI I~XNWl*4.2832*ERIII.X(I1/IA.2832*FRIIII
3012 OU 101 J?,2NJ92

303 IS13KISIII.K~flX(Ji/11.G16.2832*FR(l)*X(J.13)**21

0015 ICI CUNTINUE

0011 DK2o1K2EXI I -K2SlI13/K2FX1 II
00114 SUM-S'JM+ARSIDKII*ABSIDIK2)
001) KI1EXPII)xflK1*O5.
3020 K2fXPflI1r)K,?*I0.
M02 SUMKIaSU~iI*1A8SIf(lEXP(IIII
)022 SUMK2-SIIA'K2*ABSSK2EXPfI I I
0024 ICO CONTINUE
3CZ4 RE TURN
302S %

TOT AL MEMCRY REOUIRE14ENTS '00C486 BYTES

Ff,Rf$4A~4 P# Cý LrVEL I~ v"JO I EROS DATE - 70098 13/12/01
J001 W49IJU'INIF ERUS I14717.N777,TAUK2WOKlK.ý4,ERRFRI
Or0? IM4PLICIT RtAL IKI
0001 0IRENSICh k11%~qIK2W(S0I,015W0',SI5OI

)009. f)) 20*1 luU4Tf.N7T7
o0o' ý)tlla(Kl113.TAU*K2WEi)-TAUSKZWO)ISQRTII.*TAU**21
OCCb 1c C.-NTINUE
000? '41?0g.'47?7*1

0004 ireo.0

22



0009 IFIK2W(l4?7773EO.K2WIM?78)) GO TO 202
0010 SEuI(DM1777)**2/SQRTtAftS(I2WIP47?TI-KZWIMi)I)))
0011 202 00 201 IwM7789N7T7
0012 IF(K2W1#qlll).E0.K2WIIJ) GO TO 110
0013 OS(IlIDu(DII*2/SQRT(AB5(ii.eII47?7)-K2WtI1fl)
0014 GO TO 115
0015 110 DS(fl*0.
0016 120 FORMATI1..*ERDS K2WINM7771-K?Wfll FIX UP DS(II-0.11
0017 WRI TE (69120)
0018 115 SE-SE#DS(I)
0019 201 CONTINUE
0020 IFK2.W10777I.E0.K2WfM7?TR1 GO TO 204
0021 ERRERsSQAT(SE/IIN7?V-M7?77*(N?77.-M?77,1J1I
0022 GO TO 205
0023 204 ERRERwSQRT(SE/(fN?77? t4777.-1I*IN777-P4777fl)
0024 205 RETURN
0025 END

TOTAL MEMCRY REQUIREM4ENTS 000668 EYtES

FORTRAN IV G LEVEL 1, '400 3 LINE DATE - 70098 13/12/07

0001 SURRO'ITINF LINE (MTT7,Kl,K2W,TAUtK2WOtLlo,4N)
0002 IM4PLICIT REAL (K)
0003 DIMENSION Kl(50OS(2W(S0I
0004 M-M9777
00305 40 FORMATIIXvI3,3X,131
0006 WRITE(69401 MoLI
0007 IFIM.EQ.L1I GO TO 7?
OCON MISM+1
0009 45 FORMATI1X*E12.5)
0010 WRITEI6*451 (IK(Ih.?w,MI)
0011 IF('41.EQ.L1I GO TO 10
0012 X=12I*K1U4[.KIIN.1)313.
0013 X2*(KI(M~lI,2*K 14+2)o/3.
0014 YL=12*K2W(M).K2W4M.11)/3.

~15Y22tK2W1N,1pq2*KPWIm,2)1/3.
0016 IF(YI.EQ.Y2) GO TO 10
0017 TAUmIX?-Xli/(YI-Y2)
0018 IF(TAU.EQ0.0)0 GO TO 30
0019 KZWOzY1.X1/TAU
00.!0 GO TU 31
0021 30 K2WO-O.
0022 31 4777aM1
0023 GO TO 9
0024 10 IFEIK2wIl~f.FC.K2WIm.1DI 'rO TO 11

0026 GO TO 12
0027 11 WRITE(6920)
0028 20 FOR4ATI1x,ILINE K2W(M+LI-K2W(m) FIX UiP C) NtIT CHANGCE TWOUI
0029 GO TO 9
0030 12 N777uNI
0031 s RETURN
0032 END

TOTAL MENCRY REQUIRENENYS 00040f BYTES
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Chemplast, Zitex, lou-density polytetrafluoroethyelene film 48
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Dow Corning Sylgard 182 48

184 48

E. I. Dupont de Nemours "Kapton," 500 H film 49

Emerson & Cumirgs "Eccogel" 1265 49

"Eccofoat. 51V 49
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Rogers Corp., Durold 51
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I. INORGANIC COMPOUNDS

Aluminum oxide, single crystal

Sapphire Al203 Union Carbide Cor'cration
Electronics vivision
8888 Balboa Ave.
Sam Diego, Calif. 92123

Loss tangents at 8.5 GHz, 25°C: E I c, <.00002

E II c, <.00005

Dielectric constants at -3 GHz:

T°C ELc E Itc

25 9.390 11.584

-75 9.292 11.433

-195 9.257 11.357

Variation of dielectric constant at 250 C with inclination of

electric field direction with respect to optic axis was

calculated from elliptic polarization function:

Kc - I11.584 2x-9.39 2(1.+ cot 2 ) 1/

L -1.5842 + 9.392 cot 2 )e

iu 11.494

20 11.246

30 10.895

40 10.507

50 10.1295

60 9.820

70 9.584

80 9.439

Average K for 7andom oriented full-density ceramic:

'a - 10.071 from K - (9.39x9.39xll.584)1/3
mv av

or 10.121 for approxir'te value, 11.584 + 2 x 9.390
3

These values are in reasonable agreement with optically measured values of 11.56
and 9.406 (E. E. Russell and Bell, J. Opt. Soc. Amer. 57, 543 (1967)].
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Aluminum oxide, multicrystalline

AT-100 (near 1002 Al •O. fine grained) General Electric Company
Density, g2cm3 (10 to 108 Hz) - 3.956 Electronic Components Division

Microwave Tube Busiweus Section
(4; 8 CHz) - 3.955 One River Road

Schenectady, N.Y. 12305

Frequency in Hz

T0 C 102 103 104 10 5  106 107 8.5 x 109
25 K 9.98 9.98 9.98 9.98 9.98 9.98 9.96

106 tan6 7 <1 <1 <1 <1.5 <7 48
100 K 10.09 10.09 10.09 10.09 10.09 10.09

106 tan6 52 6 <1 <1 <1.5 <7
200 K 10.21 10.21 10.21 10.21 10.21 10.21

106 tan6 603 128 45 20 10 <7

300 K 10.42 10.37 10.355 10.35 10.35 10.35
104 tan6 61.3 16.3 5.27 2.28 .62 .12

400 K 10.84 10.68 10.57 10.46 10.44 10.44
tan6 0307 .0133 .00407 .00103 .00034 .00006

500 K 12.60 11.28 10.86 10.71 10.63 10.62

tan6  .289 .069 .0237 .0044 -. 00082 .0002

A-976 (near 100%)

Frequency in Hz

T0 C 102 103 104 105 106 107 8.5 x 10 9

25 K 9.90 9.90 9.90 9.90 9.90 9.90 9.81
106 Lan6 70 34 20 10 <10 <10 66

100 K 10.01 10.01 10.00 10.00 10.00 10.00

105 tan5 15 7 3 1.5 <1 <1
200 K 10.14 10.12 10.11 10.11 10.11 10.1

105 tan6 66 23 8 6 3 <1

300 K 10.32 10.29 10.26 10.26 10.26 10.26
104 tan,5 25 11 3.8 1.1 .4 .2

400 •c 10.65 10.50 10.43 10.42 10.41 10.41

it) tan, 395 102 27.8 8.7 2.9 1.0
S00 11.30 10.81 10.65 10.59 10.58 10.56

103 tan 461 118 22.4 4.59 1.97 1.1

Density of disk - 3.919; density of cylinder - 3.917
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Alumintm oxide, vulticrystalline

A-1000 (99.8% A120 3 , fine grained) General Electric Company

Density, l/cm3 :(10' .o 108 Hz) - 3.900

(8.5x10 9) - 3.896

Frequ Icy in Hz

T°C 102 103 104 105 106 10 7  8.5x109

25 K 10.08 10.08 10.07 10.04 9.98 9.96 9.77

tan 6 .00048 .00048 .00135 .00354 .00664 .00612 .00258

100 K 10.20 10.36 13.15 10.15 10.15 10.15

tan 6 .00184 .00077 .00037 .00058 .00208 .0061

200 K 10.39 10.36 10.33 10.33 .O.31 10.29

tan 6 .00344 .00198 .00101 .00045 .00051 .00170

300 K 10.65 10.55 19.51 10.47 10.45 10.44

tan 6 .0193 .0059 .00226 .00079 .00049 .00065

400 K 11.86 10.89 10.68 10.63 10.60 10.58

tan 6 .213 .0461 .00936 .00206 .00076 .00057

500 K 33.3 13.98 11.28 10.83 10.80 10.76

tan 6 1.212 .525 .130 .0201 .00341 .00135

A-919 (97% A12 0 3 , 3magnesia-free)

Density, 8/c. 3 : (102 to 108 Hz) - 3.747

(8.5x10 9 Hz) - 3.750

Frequency In Hz

102 10 3  104 105 106 107 8.5x109

T°0C

25 K 10.33 9.95 9.62 9.45 9.38 9.37 9.35

tan 6 .U240 .0251 .0206 .0082 .00139 .00030

100 K 10.29 9.88 9.60 9.51 9.49 9.49 .00069

tan 6 .0316 .0?52 .0123 .00303 .00048 .00025

200 < 9,74 9. 12 9.60 9.59 9.59 9.59

tan 4 .0210 .004f .00089 .00021 .00006 < .0001

300 ,z 10.32 9,89 9.79 9.78 9.77 9.77

tan 6 .0760 .0237 .00475 .U0097 .000 33 .00010
400 14-.38 11.13 10.18 9.96 9.90 9.89

tan 6 1.65 .295 .0590 .00195 .00061

500 K 16.56 13.67 11.44 10.37 10.08 10.03

ran 6 6.83 .86b .122 .0203 .0035
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Aluminum oxide, multicrystalline

A-923 (97% A12 03 ) General Electric Company

Density. g/cm(3:'102 to 108 Hz) - 3.740

(8.5x10 9 Hz) - 3.740

Frequency in Hz

T 0 C 102 103 104 105 106 107 8.5X109

25 K 10.26 10.23 10.10 9.61 9.28 9.27 9.24

tan 6 .00227 .00432 .0173 .0357 .00952 .00165 .00067

100 PC 10.33 10.30 10.1 - 9.72 9.40 9.39

tan 6 .00330 .00352 .0178 .0320 .0118 .00157

200 K 10.18 9.73 9.55 9.53 9.50 9.50

tan 6 .0349 .0238 .0073 .00200 .0089 .00040

300 1c 10.38 9.84 9.74 9.65 9.64 9.64

tan 6 .0678 .0232 .0074 .00313 -00167 .00112

400 Kc 12.50 10.48 9.97 9.82 9.80 9.79

tan 6 .205 .082 .0228 .00735 .0035 .0017

500 Kc 16.72 13.93 10.98 10.08 9.95 9.91

tan 6 8.03 .1.20 .240 .0444 .0C976 .0037

A-1004 (94% A12 0 3 )

At 25 0 C: 2W104 Hz,,K - 10.10, tan 6- .0426; 5x10 4 Hz, Kc , 9.76, tan 6 --. 0536;

3x10 5 , Kc - 9.19, tan 6 - .0341.

Density, g/cm 3 : (102 to 10 8 Hz) - 3.645

(8.5x10 9 Hz) - 3.649

Frequency in Hz

TOc 102 103 104 105 106 107 8.5x109

25 K 10.48 10.41 10.26 9.51 9.10 9.00 9.01

tan 6 .00226 .00716 .0319 .0534 .0142 .00228 .00125

100 K 10.63 10.55 10.48 9.89 9.19 9.10

can ý5 .00355 .00555 .0208 .0505 .0271 .0515

200 K 10.49 9.73 9.34 9.25 9.21 9.20

can " .0450 .0439 .0171 .0047 .00163 .00105

"300 .< 10.52 9.81 9.55 9.44 9.37 9.36

tan .0767 .043 .0132 .0059 .0022 .0020

400 . 12.63 10.39 9.78 9.54 9.43 9.36

tan .227 .0887 .033 .0136 .007ý- .0040

i00 19.19 12.59 10.55 10.03 9.8a 9.74

t'i•n 1.16 .452 .121 .0298 .0133 .0071
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Boron nitride

Pyrolytic Raytheon Company

Data supplementary to p. 40, Tech. Rep. 203

Post-treated sam,,les, measured at 8.52 GCIz, 25 0 C

Density

(g/cm3 ) K tan 6

1.233 2.994 .00008 + .00002

1.237 3.013 .00005 + .00003

Sample 2A + 2B, density at 25 0 C 1.381

5.07 to 5.00 G~z

T0C K tan 6

25 3.199 <.0002

200 3.212 <.0002

400 3.226 <.0002

600 3.241 .u002 + .0001

800 3.255 .0002 + 0001

1000 3.272 .0002 + .0001

1200 3.288 .0002 + .0001

1.300 3.297 .0003 + .0002

1400 3.309 .0007 + .0004

Test for anisotropic effects at 8.52 GHz, 250C, by rotation and reversal

of sample:

K - ,.0018max

Kmin " 2.9894

Py-olyv-ic laminate Union Carbide

8.52 GHz E II laminate

T°C K tan

25 5.15 + .05 .00025 + .00005

173 .00025 + .0001

225

341

470
610

978 .0003 + .0001
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Boron nitride, hot-preseed

Grade RP, 25°C The Carbordum-mopeety
hfraICtOrIas & Ijlectrona Division
Whirlpool Technical Center
Niastr& Falls, N.Y., 14302

All tan 4 value, multiplied by 104

Field

Sample Density direct. (Hz) 102 - i 03 i04 105 i06 - 7

No. (s/cm)
1 2.120 unknown K 4.59 4.56 4.54 4.54 4.54 4.54 4.54

tans 8.5 3.58 2.30 2.3 2.3 2.8 3.5
2 1.762 i . 4.14 4.02 3.97 3.96 3.96 3.96b

tanS 414 174 41.6 -9.9 3.4 2.0
3 2.131 K ic 4.71 4.64 4.54 4.46 4.40 4.32

tanS 100 U10 120 125 141 123

(Ns) Wxo8 10 o9 09  8.5i109 1.4x11o° 2.4O1010
4 (various unknown ic 4.59 4.59 4.59 4.39 4.62 4.57

not ea. tans 2.7 3.5 4.2 6.55 6.0 6.0

5 1.999 unknown

tans

6 2.033 L K 4.47 4.468 4.457

tans5  5.3 4.6 6.0

7 1.748 mixed K 3.88 3.880 3.876

tans 4.1 4.7 4.0

8 2.111 J. K 4.584

taen 6.0

9 2.061 K. i 4.552

tans 7.1
9 " N K 4.507

tans 7.7
10 2.117 .L , 4.75

tans 8.0
I1 2.063 .L K 4.55

tans 8.7
11 II 4.51

tan6 8.8
12 2.118 K. K 4.69

tan6  
8.5

13 2.066 L K 4.61

tan6  
7.9

13 K 4.48

tan6  
9.2
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Boron nitride, hot-pressed

Grade A, 25 0 C C4rborundua

All tan 6 values are multiplied by 104

Field 2 8

Sample Density direct. (Hz) 10 0 10 10 106 107  10

3
No. (a/cm3)

1 2.084 unknown K 4.13 L.12 4.090 4.087 4.086 4.080 4.08

tan6 11.8 10.4 7.9 4.3 3.1 2.7 2.6

2 2.040 K 4.40 4.40 4.39 4.39 4.39 4.38

tans 8.7 6.3 6.0 3.1 1.8 1.0

3 2.066 K 3.99 3.99 3.98 3.98 3.98 3.97

tans 6.9 5.6 4.5 3.0 2.4 1.1

(HIz)3x08 109 3WlO9 8.5x0 9 1.4zlO10  2.4x10

4 (various unknown K 4.46 4.46 4.46 4.6 4.61

not seas.) tans 4.0 3.3 3.4 5.8 3.5

5 2.099 unknown K 4.605

tans 20

6 2.091 j K 4.62 4.615 4.599

tans 2.6 3.7 3.8

7 2.097 mixed K 4.36 4.359 4.352

tawo 2.2 1.3 1.5

8 2.069 l K 4.586

tans 6.4

9 2.077 j K 4.550

tan6  3.6

9 II 4,268

raTI 4.5

10 IC 4.268

tans 4.5

I1 2.093 K i 4.53

tans 4.5

11 4.2S

ttni 10.4

12 2.090 1 I 4.56

tans 5.3

13 2.095 1. PC 4.54

tan6  4.6

13 
4.24

tpn6  3.2
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Boron nitride, hot-pressed, with silica

Grade H, 25 0 C Caxbo•dM

All tan 6 valmus multiplied by 104
Field 2 10 107  108

Sample Density direct. CIx) 10 0 l04 10 6

No. (g/cm)

1 2.143 unknown Kc 3.71 3.70 3.69 3.69 3.69 3.68 3.68

tabs 4.0 2.78 2.22 2.07 1.63 1.8 2.3
2 2.107 IC. i4.34 4.33 4.32 4.30 4.30 4.30

tans 16.9 14.3 10.5 6.6 3.7 1.9

3 2.109 !t 3.76 3.76 3.76 3.75 3.75 3.75

tans 7.4 7.0 6.7 4.6 3.4 3.6

(Uz) 31108 109 3il09 8.5x109 1.4xlOI0 2.4x1010

4 (various K 4.24 4.24 4.24 4.32
not ea. . tant 2.8 3.1 3.7 5.5

5 2.145 K 4.328

tan6  4.1

6 2.137 J.L I 4.27 4.27 4.255

tart 3.8 4.9 4.9

7 2.118 mixed K 3.99 3.992 3.983

tan6  3.9 4.5 5.2

8 2.095 .L K 4.192

tanS 6.6

9 2.120 IL P 4.332

tanS 6.2

9 II Kz 3.668

tans 8.5
10 2.125 .1 K 4.23

tans 5.4

11 2.123 1 K 4.295

tans 11.0

11 1 I 3.63

tans 7.8

12 2.066 . IC 4.22

tans 5.1

13 2.121 K. I 4.28

tans 7.9

" "K 3.,S4

tans 10.5
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Boron nitride, hot-p:asaed Union Carbide Corporation
Grade HBR Carbun Products Division

270 Park Ave.
New York, NY,m 10017

E Idirection of pressing

T°C 10 10 104 0 106 101

25 4 4.77 4.77 4.76 4.76 4.76 4.76

104 tan 8 18.2 7.1 4.9 1.5 1.4 0.9
100 4 4.85 4.80 4.78 4.78 4.78 4.78

10 tan 6 165 45.4 9.4 4.1 2.1 0.6

200 K 5.26 4.96 4.85 4.82 4.81 4.81

10 4 tan 6 596 277 101 39 5.4 23
300 5.75 5.25 5.00 4.89 4.85 4.85

410 tan 6 855 526 231 109 33.8 12.5
400 K 6.75 5.70 5.21 5.00 4.88 4.87

104 tan 6 28.0 11.57 4.95 2.3 1.2 .37
500 K 8.07 6.46 5.62 5.31 5.08 4.93

tan 6 1.994 .389 .109 .0419 024 .014

Boron nitride, hot-pressed

Grade HD 0092, Grade RD 0093

Density 1.9745 g/cm 3  Density 1.9165 g/cm 3

At 8.52 GHz At 3.52 G0Hz

KMin 3.993 tan 6 - 0.00025 K' - 1.998 + 0.002
K m 4.091 tan A - 0.00026 tar 6 - 0.00052max

0  At 4.54 to 4.47 GHz At 4.53 to 4.44 GHz
T°¢ K tan 6 T°C K tan 6

25 4.08 .00026 25 4.('03 .X005
113 4.08 .0003 207 4.04A .0004
185 4.09 O005 393 4.072 .0C1045
322 4.09 .00055 513 4.088 .0004
423 4.10 .00040 593 4.101 .0007
530 4.11 .00035 798q 6.146 .0030
639 4.12 .00040 852 4.166 .0052
752 4.13 M00045 9t91 4.204 .00.s0
863 4.13 .00050 10u8 4.320 .0028
943 4-.t4 .00050 1077 4.479 .0057

1021 4.15 .X0055 1094 4.485 A"
1096 4.16 .00080 1110 4.54 .01
1170 4.16 .0013 943 4.25 .0026
1219 4.17 .0019 860 4 19
1287 4.18 .00.34 25 4.01
1373 4.19 .0040
1427 4.20 .0028
1446 4.22 .0023 Density check after ri 1.916
1460 4.24 .0044
147U 4.24 0046
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Boron nitride, hot pressed

Crade HD 0094, at 8.52 GHz Union Carbide

Sample 2: density 1.303 gicm3 At 5.30 to 5.26 GHz
3

'rTc 0 tan 6 Density: 1.303 g/c3

25 3.004 .00033 T°C K tan',

3 25e 3.004 .00033i

Sample 1: density 1.307 g/cm
120 3.008 .00037

I C 203 3.012 .00039

25 3.016 .0003325 o 06 O03332.5 3.018 .00044

93 3.02+.03 .00030

192 .00035 404 3.G21 .00043

339 .00037 498 3.026 .00046
471 .00040
602 3.04+.03 .00040 601 3.032 .00046

705 .00047 721 3.039 .00065
754 .00060
793 .00095 812 3.047 .00186

843 .0020 884 3.053 .00447
954 .0085

999 .0135 908 >.OI

Boron nitride, cold-pressed Union Carbide

42Z

4 . . .Rod sample, at 8.52 GBz

M o ,Density: 1.474 g/cm3

9. ' At 250C:

K' 3.412; tan 6 = .00046

A4
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Msgnesium aluminate (spinel) HgOAl 2 03

Single crystal Union Carbide

Density at 25.00, 3.57389 g/cl 3

At 8.52, 25°C: K:' - 8.26 + .04

tan 5 .00009 + .00002

Magnesium orthosilicate, multicrystalline General Electric

3
M-1IS Dumlty: disk 3.0o7. r;-1l••r 3.071 g/ac

23°C 100°C . 200C 300°C 4000C 500°C 550
0

C

t 6aq. Rx x t& tan K tan 6 ,c tan r tA aO K tan K talk6

102 6.625 .00098 6.70 .00445 6.80 .00134 6.91 .00636 7.23 .0662 8.78 .421

103 6.62 .00027 .00065 6.79 .00076 6.89 .00198 7.04 .0127 7.44 .0690

2x103 .0006

3x103 .009 6.78 .00057

4X103 .00105
5lO 3 .OOUO

6210O3 .00107
8tx.O3 .00102

410 6.62 .00013 6.70 .000M 6.71 .00044 6.86 .00090 6." .00334 7.20 .018O

105 6.62 .000110 6." .00024 6.7S ,04 6.87 .00051 6.% .00123 7.14 .0049

5.10-, 6.77 .00096

106 6.62 .000072 6.69 .00016 6.77 .00074 6.85 .0004 6.9" .00069 7.09 .00329

107 6.62 .00011 6.69 .00024 6.77 .00025 6.84 .00063 6.95 .00023 7.08 .00149

106

8.5 .109 6.59 .000M3 6.64 .00 6.73 .00092 6.81 .00100 6.90 .00109 6.96 .00119 7.03 .00124

1.4zIO10

2.401010

F-202
25°C 100

0
C 200°C 30C 4WOc 500

0
c 55e

0
C

Freq. I1 K z 6 x K ti 6 1: tan,6 K tan a K tan 6 K tan

102 6.77 .000515 6.86 .00107 6.99 .00277 7.26 .02835 9.74 ."08 14.73 4.29

103 6.76 .000293 6.85 .00063 6.9" .00202 7.14 .0076 7.70 .142 10.08 .822

4
10 6.76 .000260 6.64 .00056 6.96 .00124 7.08 .0037 7.34 .0293 6.13 .178

103 6.76 .000233 6.83 .00035 6.95 .00077 7.06 .0017 7.22 .00705 7.40 .0474

10610 6.76 .000245 6.83 .00032 6.94 .00067 7.06 .00120 7.18 .0025 7.31 .00975

107 6.76 .00025 6.83 .00025 6.94 .00052 7.05 .00098 7.15 .00153 7.28 .00394

10 0

8.xlO9 6.74 .00080 6.81 .00090 6.92 .0015 7.02 .0014 7.13 .0019 7.23 .0027 7.28 .0031

1.4x1010

2.4z1010

De"Ity of disk 3.087, cylinder 3.066 ./,",
3
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Silicon dioxide, high purity glasses

Dynasil 4000 Oyn..sll Corporation of Ameri-a
Berlin, New Jersey 08009

4, 1

4.01

:4A:

too.

4,

10 . ---- -- :

tonurr~



Silicon dioxide, high-purity glasses (cont.)

Spectrosil A Thermal American Fused Quartz Co.
Mcntville, N.J. 07045

25 0 , 8.52 CtIz: K' - 3.826 + .003

10 tan 6 - 1.9 + .4

Spectrosil B

25 , 8.52 G(tz: K' - 3.825 + .003

104 tan 6 - 1.5 + .2

Frequency in Hz

T0C 102 103 104 105 106 107

25 3c J.823 3.823 3.823 3.823 3.823 3.823

to6 tan 6 <4 <4 6 7 <40 <130

100 K 3.83 3.83 3.83 3,83 3.83 3.83

i0 6 tan 6 <4 <4 <8 <10 <40 <130

197 r 3.84 3.84 3.84 3.84 3.84 3.84

106 tan 6 264 44 15 <20 <40 <130
300 ,. 3.86 3.86 3.86 3.86 3.86 3.86

104 tan 6 151 15.9 2 <.4 <.6 <1.3
398 K 3.89 3.86 3.86 3.86 3.86 3.86

102 tan 6 15.9 1.76 .219 .04 <.02 <.02
486 • 3.98 3.89 3.87 3.87 3.87 3.87

tan 6 .79 .0883 .00954 .0015 .0005 .0002

Vitreosil, optical grade

25 C, 8.52 GHz, r,' 3.811 + .005; 104 tan 6 -117 + .2

Vitrtosil, commercial grade

25L0C, 8.52 GHz, K' 3.805 + .01; 104 tan 6 - .80 - .13
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Silicon dioxide, sintered

Slip-cast Brunswick

Density 1.957 gicm

25 0 C 1000 C 2000 C 300°C 4000 C 500°C

Freq.,Hz K 10 4 tan6 K 1o0tan6 P tan 6 K tan 6 K tan 6 K tan 6

102 3.38 7.1 3.39 11.0 3.44 .0190 4.42 .896 7.91 9.51 19.1 33.8

3x102 3.38 8.6

103 3.38 8.8 3.38 7.8 3.41 .99364 3.64 .178 5.09 1.66 7.57 9.00

2x10 3  3.38 7.3

5x10 3  3.38 7.7

104 3.37 6.2 3.38 7.6 3.41 .00158 3.47 .0246 3.90 .334 5.10 1.47

5x10 4  3.38 8.3 3.5
510 3.37 4.5 3.37 8.3 3.41 .00099 3.46 .00465 3.54 .055 3.90 .290

52x10 3.37 7.5

106 3.37 3.7 3.37 6.1 3.40 .00081 3.45 .00158 3.49 .0089 3.61 .0483

6x10 6  3.37 3.6

107 3.37 2.5 3.37 3.2 -3.40 .00068 3.45 .0008 3.49 .0021 3.55 .o112

8.5x10 9 3.364 6.6

Silicon dioxide, with 2.5% chromium oxide Brunswick

Slip-cast,

Density 1.928 g/cm3

?5°C 1000 C 200 0 C 300°C 400 0C 5000 C

Freq.,Hz K tan 6 K tan 6 K tan 6 K tan • K tan 6 K tan 6

1O 3.33 .00345 3.43 .0057 3.57 .0292 4.59 .935 8.73 9.39 36.7 42.4

10 3  3.33 .00257 3.42 .0043 3.51 .0113 3.72 .179 5.17 1.76 13.5 10.1

10 4  3.32 .00174 3.36 .0034 3.48 .0071 3.59 .0292 3.95 .324 6.09 2.41

105 3.32 .00152 3.34 .0027 3.40 .0054 3.51 .0109 3.63 .0537 4.39 .425

106 3.31 .00093 3.33 .0020 3.38 .0040 3.49 .0101 3.56 .0149 3.82 .094

107 3.31 .00035 3.32 .0017 3.34 .0022 3.42 .0076 3 53 .0106 3.68 .032

8.5x109 3.29 .00112
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Silicon Jioxide, sintered

Code 7941 Corning Glass
Density 1.923 g/cm3

Freq., -8.5 GHz Corning Multiform Glass

T C K tanu At 8.52 GHz, 25°C, density - 1.906 g/cm3
2.. 3. 323 .0005

S- 3.27; tan 6 - .00063
279 3.351 .0009

517 3.378 .0014

769 3.408 .0023

910 3.431 .0028

1043 3.451 .0037

1205 3.455 .0051

1372 3.513 .0091

Quartz fiber

Sample AS-3DX-1R Source: Philco Ford Corp.
Newport Beach, Calif. 92663

Manufacturer: Fiber Materials Inc.
Graniteville, Mass. 01829

Freq., 8M52 GHz
T°C 'K tan 6

25 3.02 .0054

25 2.98 .0019

98 2.97 .0018

198 2.96 .0016

307 2.95 .0015

418 2.95 .0014

497 2.945 .0014

591 2.95 .0016

729 2.96 .0022

828 2.975 .0029

905 2.99 .0035

995 3.01 .0042

As received, other values after vacuum bake
for 24 hours at 1250 C.
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Glasses

Sample EE 9 Owens-Illinois

Sample EE 10 Toledo, Ohio 43601

EE 9 EE 10

Freq., 8.52 GHz Freq., 8.52 GHz

T°C K tan 6 T0C K tan 6

25 5.84 .0070 25 8.17 .0082

97 5.86 .0070 97 8.25 .0082

199 5.90 .0071 202 8.36 .0083

314 5.97 .0072 292 8.47 .0084

421 6.02 .0074 416 8.63 .0089

506 6.08 .0077 501 8.76 .0096

607 6.17 .0081 605 8.98 .0123

32 5.82 .0069 27 8.19 .0080

II. MINERALS, ROCKS, SOILS, MISCELLANEOUS INORGANICS

Rocks

Hawaian, high-density basalt

50% relative humidity

Density 2.717 g/cm3

Sample 1 Sample 2 Sample 3 Sam''1e 3 Sample 3 Sample 4

Freq. (Hz) 3x108 107 3x108 109 3x10 9  S.Sxl09

K 3,36 9.90 9.3-3 9.08 8.85 8.40

tan 6 .043 .080 .034 .033 .037 .04

S'/Pjo 1.174 1.17 1.113 1.10 1.08 1.01

tan 6 .0077 <.002 .G07q .026 .072 .06m

,
Hawaian low-density basalt

50% relative huni.dity

Freq. (Hz) 107 3xO 8 109 3x109

K 4.9 3.74 3.51 3.30

tan . .068 .085 .0-481 .053

V P/ 1.047 1.047 1.040 1.035

tan M <'.002 .0040 .0,• .002

Data supplementa:., -o Tech. Rep. 203, tab. In'. Res., Mass. T. ech., Jan. 1967.
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Rocks (cont.)

Deep ocean basalt

No change after heating to 2000 C

Freq. (Hz) 105 106 107 8.5.109

K 188 153 124 10.2

tan 6 93.5 11.6 .146 .560

P 1025 1015 995 36.9

Sails

Hawaian soil saturated with distilled H2 0

22Z 20o dry wieight basis = 127.5

2 H2 0 on volume basis 63.0

Density 1.303 g/cm3

Freq. (HM1) 103 104 105 106 9.5x106 7x107

S29,700 988 230 1295 81.5 64.2

tan S 135 43.9 20.05 3.32 .776 .185

Hawaian soil with approximately 25% H20
3on dry weight basis. Density Z .88 g/cm

Freq. (Hz) 102 103 104 105 106 107 3x108 l1XO9 3x109  8.5x109

K 10560 940 68.0 21.66 12.04 6.88 5.12 4.90 4.45 3.97

tan 6 2.30 4.43 7.25 2.67 .827 .389 .105 .079 .81 .135

Synthetic basalt and lunar rocks, Apollo 11 and 12, see:

D. H. Chung, W. B. Westphal, and C. Simmons, "Dielectric Properties of Apollo 11

Lunar Samples and Their Comparison with Earth Materials," J. Geophys. Res. 75,

1970 (in press).

D). H. Chung, W. B. Westphal, and G. Simmons, "Dielectric Properties of Apollo 12

Lunar Samples," a paper (T64c) presented at American Geophys. Union Meeting,

April 23, 1970, Washington D.C.

Data supplementary to Tech. Rep. 203, Lab. Ins. Res., Mass. Inst. Tech., Jan. 1967.
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Miscellaneous inorganics

Corning Code 0330 Corning. Glass

3 Ghz 25 0 C

K tan6

6.58 .0055

Isomica 4950 General Electric Company

Vacuum baked for 36 hre. at 125 0 C, E II !seet

Freq. (MOz) tan 6

300 5.33 .0013

8520 5.31 .00207

8520 5.32 .0025

502 relative humidity.

III. ORGANIC COMPOUNDS

(Listed according to manufacturer or source)

Artificial cý.ncrete American Concrete Products

Material meaeured to be isotropic it K within .5%

Freq. (MHz) 150 300 LOO 3000

K 6.06 6.04 6.02 6.0

tan 6 .0107 o0134 .0125 .0123

Conformal coating 1517-36-3 Aaicon Corporation

250 C, 50% relative humid-ty

Freq. (Hz) K tan 6

102 4.31 .0206

103 4.21 .0204

106 3.76 .0298

Volume resistivity 3.7 x 1013 ohm-cm

Surface resistivity >6 r 1014 ohms per square
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Polyethylene, irradiated Source: Apbewl Corp.

At 25°C

Freq. (Hz) K' tan 6

103 2.28 + .02 .59 + .05

IO6  .82 + .05

108 2.3 + .3

4x108 2.27 + *02 2.9 + .5

10o9 2.8 + .3

3xlO 2.6 + .3

8.5x1" 2.2(s+ 01  2.5 + .2
-. 005

Polvpropylene Avisun Corporation
Post Road
Markus Hook, Pa. 19061

Natural Plateable 12-270A

0 4 4
Freq., Hz T°C K 10 tan6 KC 10 tan6

102 25 2.26 1.50 2.41 15.2

2xlO 1.30

4x10 1.18

103 1.36 2.41 11.8

3xlO3  1.50

10 2  1.65 2.39 10.5

2Y1lO4 1.68

S xlO 1.66

105 2.25 1.51 2.38 8.70

106 2.25 0.96 2.37 7.25

10O7 2.25 1.26 2.36 6.55

10 8 2.25 2.04 2.36 8.2

3xlO8 2.25 2.8 2.35 12.4

10 9  2.25 4.7 2.35 17.5

3xlO 9 2.25 4.0 2.35 15.7

5xlO 9 25 2.245 3.7 2.344 12.1

-55 2.265 3.0 2.352 6.0

-75 2.271 2.7

-195 2.308 0.7 + 0.3 2.375 2.8
0

,.'IxlO 25 2.245 3.6 2.343 12.3
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Polypropylen. (cont.) Avisun Corporation

Natural, at 8.52 GCz

SDensity TOC K tan 5

(g/c 3 )

1 stacked sheet pea 25 2.246 .00033

2 stacked injection molded pea 25 2.236 .00035

3 rod .9073 25 2.245 .00037

Polypropylene, plateable Avisun Corporation

12-270A, at 8.52 GCz

Sple Density T0C tan 6

4 stacked injection molded pes .9500 25 2.442 .00145

5 rod .9303 25 2.343 .00123

Foly tetrafluoroethylens, fiberglas lminate The zud Company
I)•LC1a4-22, olychealcale Division

z Il sheet All values of tan 6 multiplied by 10o

?C Iraq. (Ra) 10 102 103 104 105 106 107 5.$x107  9X107 3.14x109

25 ,( 2.739 2.740 2.738 2.737 2.735 2.734 2.733 2.732 2.731 2.712
1 tan 4 8.6 7.0 6.7 6.1 6.3 6.95 7.7 10.0 11.7 22.5

100 • 2.710 2.705 2.704 2.698 2.696 2.683 2.680
1 tan 6 11.1 8.10 8.25 7.17 7.07 7.7 31

250 K 2.554 2.534 2.522 2.503 2.502 2.49
1 tan 6 79.0 36.3 20.35 14.9 11.6 10.6

-78 K 2.796 2.793 2.790 2.784 2.78 2.78 2.752
1 tM 5 4.2 5.9 6.8 7.1 7.7 9.8 17

-195 K 2.801 2.799 2.794 2.792 2.787 2.758
1 tan 6 .0005 2.2 4.5 5.1 5.4 12

-269 K 2.709 2.789 2.784 2.783 2.710
1 tan 6 .0003 1.2 2.0 2.2 2.1

Cofer cavity

T'°C Freq. (lz) 3W10O 109 3a109 8.5x10' 1 1.,0 1 0W 2.461010

25 K 3.155 3.153 3.152 3.146 3.133 3.127
tanS 28 30 33 40 48 52

100 K 3.11
tooS 39

-250 K 3.03
tan6 36

-54 K 3.17 3.13
tan 6 35 39

-195 K 3.22 3.12
tanS 28 31
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Polytecrafl~uroethy!cne film

Zlitex Chemplast Inc.
D.ensiy 0.363 g/cm 150 Day Road

P~en~i~y ~ Wane, N.J. 07470
250C, 8.52 GHz: K - 1.194, tan 6 = .00010

Cust•-. Materials Custom Materials Inc.

Custom loaJ 4101

Freq. (Uliz) TC K tan 6e P I/o tan 6m

3 25 13.8 .050 2.69 .451

8.5 25 13.3 .031 1.65 .747

8.5 -67 13.7 .006 1.57 .748

8.5 85 14.5 .051 1.68 .735

Custom 707-4

25 0 C, 8.52 GBz: K 4.04, tan - .00090

Custom 707-(3.75)

25 0 C, 8.52 GHz: ic - 3.753, tan 6 - .00076

Sylgard 182 Dow Corning

1 ?Ulz
T°C K tand

25 2.86 O0.132

70 2.72 .00080

25 again - .00109

25 (after 24 hrs. in H2 0) wt. gain .019% 2.86 .00142

Sylgard 184 Dow Corning

At 250 C

Freq. (Hz) 50 A03 105 106

K 2.86 2.86 2.84 2.84

104 tan 6 2 10.2 18.4 14.0

Svlgard 184 Dow Corning

2nd sample at 1 NHlz

T°C K tan 6

25 2.88 .00123

70 2.70 .00071

25 - .0004-,0

25 (after 24 hrs in H20) at. gain .025% 2.89 .00129
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"IfKpton"I* E. I. Dupont de .emours

Type 500 H film

At 25 0 C, 45% relative humidity

Electric field in plane of sheet, K + .05, tan 6 + .0005

After 48 hrs. at 1000C

Freq. (GHz) K tan 6 K tan 6

0.3 3.43 .0074 - -

1 3.40 .0076 3.30 .0041

3 3.37 .0080 3.28 .0044

8.5 3.33 .0087 3.26 .0047

24 3.25 .0098 - -

After 12 :o 18 hrs. vacuum bake at 4250 C, 2 microns, 8.52 GHz:

K - 3.03 + 0.1, tan 6 = .0015 + .0003

"Eccogel" 1265 Emerson & Cuming
Freq. (Hz) 60 103 106

T0C K tan 6 K tan 6 K tan 6

25 7.60 .025 7.20 .0595 4.05 .1115

70 6.02 .0545

25 again - .0897

25 (after 24 hrs. 5.38 .128
in H120) wt. gain 1.08%

"Eccofoam FH" Emerson & Cuming

3.938 lb/cu.ft.

8.52 GHz 24 GHz

K tan 6 K tan 6

1.0856 ,00161 1.0798 .00165

RTV-11 Cenera, E:-,.tric 'iompany

At 1 Ml4z
T°C •. tan -•

25 3.25 .00285

70 J.05 -00372

25 - .50242

25 (after 24 hrr, 3.31 .00ý,,3
in H2o) wt. gain .035%

SupplementinR dita given in Tech. Rep. ?03.

19



Scotchast 221 3--1

At I MHz

TIC K tan 6

25 3.06 .0273

70 3.73 .1373

25 - .0245

25 (after 24 hrs. 3.12 .0352
in H20) wt. gain .2?4%

Polyimide foams Monsanto

At 8.ý2 t;Hz
Density T0 C t can 6

(lbs/cu. ft.)

liD-i39 -2.4 25 1.1439 .00277

150 1.128 .00040

304 1.118 .00045

25 1.126 .0014

HID-140 16.7 25 1.301 .00507

154 1.264 .00094

307 1.260 .00121

25 1.260 .00037

IID-144 21.8 25 1.412 .00635

148 1.355 .00135

303 1.382 .00190

28 1.351 .0068

Widar tape Quantum Inc.
Lufbery Ave.

At 14.2 GHz Wallingford, Conn.

r c K tan 6

25 3.56 .0132

I10 3.37 .0055

3120 3.32 .0074

4,77 3.36 .0130
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Duroid (1" thick sheet) Rogers Corporation

3.7 GHz 4.3 GHz

E// E -L
Cavity

T°C Kan 6 tan 6 length
(inches)

25 2.476 .00156 2.317 .00125 2.015
81.5 2.458 .00176 2.301 .00153 2.042

106.8 2.447 .00178 2.289 .00140 2.055
125 2.438 .00176 2.282 .00142 2.067
152 2.425 .00166 2.268 .00149 2.083
176 2.412 .00160 2.255 .00155 2.106
202 2.399 .00159 2.239 .00167 2.127
250 2.370 .00165 2.203 .00202 2.159
310 2.301 .00182 2.130 .0024 2.320
362 2.031 .00225 1.878 .0015 2.869
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I, ...- it bt !"r iv It I vv P- -I Allied Chemfcal Corp.
Specialt) Chemical Dyv.

At .~""

tan 6

Vreq. (•IIz) K

1 1.92 .0050

3 1.72 .0140

8.52 1.89 ,029

14 1.87 .038

FIuwrinated ethers E. I. Dupont de Nemours & Co.

AM 27 C Organic Chemicals Department

T0 C - <6 to 28

FPS-1418 FPS-1419 FPS-1420

b.p. 148 0 C b.p. Ol C b.p. 1530 C

Freq. (Hz) K tan 6 K tan 6 K tan 6

10 1.890 3x10"6 1.859 1.6xlU" 2.570 3.23x1O-

105 1.890 3x10-6 1.859 2x10-6 2.570 1.6x10"5

108 11888 .00243 1.857 4.2x10-4 2.53 .0126

109 1.851 .0142 i.833 .0042 2.420 .0952

3x10 9  1.838 .0124 1.832 .0076 2.213 .0995

8.SxlJ9 1.797 .0069 1.798 .0084 2.026 .0907

Mullert 0i U. S. Bureau of Fisheries

24 + 0.5 0 C 10 + l°C

. (t;Iz) tan A K tan 6

I 2.X4 .C68 - -

8.5 2.52 .0507 2.50 .0.58

14 2.42 .0468 2.39 .0443

14 2.35 .038-' 2.36 .0380
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